Materials and Methods

Data sets
UkrAm cohort for radiation epidemiology After a transfer agreement had been signed between Institute of Endocrinology and Metabolism of the National Academy of Medical Sciences, Ukraine and the National Cancer Institute, Bethesda (MD), USA as data providers and the Helmholtz Zentrum München, Germany as recipient investigator a dedicated data set of the UkrAm cohort was made available in April 2013. It contained 13,243 subjects who took part in the first screening cycle 1998 -2000. Tronko et al. [1] excluded 116 subjects for various reasons and used 13,127 subjects for their analysis. Brenner et al. [2] revised this number further downwards to 12,514 subjects mainly due to loss of follow-up.
In the present study the date of accident on 26. April 1986 was chosen as begin of follow-up for all subjects. End of follow-up for cohort members diseased with PTC was set to date of operation. For healthy subjects is was fixed to the end of 2008 to include the last date of operation. Calendar dates for subjects contained month and year. The exact day was not available and has been replaced by the 15th day of each month. In principle, the prevalent cases from the first screening cycle listed in Table S1 could have occurred before the accident. However, since thyroid cancer in early childhood is a very rare disease early occurrence is very unlikely. With the modeled baseline rate for the present data set one can estimate that no case occurred before the accident.
In the present study 57 subjects were discarded due to missing dose estimates, exposure in utero or at age ≥ 18 yr, and date of birth after April 1986. Another 3 subjects with diagnosed thyroid cancer but missing histological classification have also been discarded. The level of detail in the present data set of UkrAm cohort did not allow to completely reproduce the designs of the previous studies [1, 2] . The data set of the remaining 13,183 subjects is summarized in Table S2 . a cases used in Tronko et al. [1] b cases used in Brenner et al. [2] c cases used in present study 
Mechanistic model of PTC pathogenesis
The mechanistic model of the present study is an instantiation from a class of cancer induction models in the mathematical framework of Little and colleagues [3, 4] . They have generalized the two-stage clonal expansion (TSCE) model of carcinogenesis proposed by Moolgavkar and Knudson [5] . The TSCE model relies on two rate-limiting cell transitions which are separated by clonal expansion of initiated cells. Transition rates pertain to the (yearly) occurrence of key events on the pathway to cancer. In a process-oriented modelling approach these events are related to the development of various forms of genetic damage such as mutations, hypermethylation, gene rearrangements or instabilities in whole chromosomes. Although spatial expansion processes play a role in carcinogenesis, the present class of mechanistic models is only concerned with time dependencies. Transition rates and rates of cell division or inactivation are treated as transient Poisson point processes of cell birth and death which are expressed in a set of coupled master equations [6] . These equations describe the transient evolution of numbers of cells which have accumulated genetic instability in a sequence of stages. In principle, numbers and properties of such cells should be accessible by experimental investigation of each stage. In the present study the so-called deterministic model version is applied which considers only expectation values of cell numbers. In the stochastic version statistical fluctuations in cell numbers are fully included [7, 8] . Such fluctuations influence the cancer incidence rate mainly at older age. For the young UkrAm cohort they can be neglected. This has been tested by fitting both stochastic and deterministic models. Model parameters related to fluctuations in cell numbers did not improve the fit.
Two stage model with radiation action on first stage
The two stage model of Figure S1 describes radiation-induced CLIP2-associated carcinogenesis (rC2C). It starts with a very large number of N b susceptible cells (i.e. thyroblasts) in homeostasis which undergo two transitions µ 0 (a) and µ 1 to a (radiation-induced) PTC. The second stage of a detectable PTC is reached from the first stage by asymmetric cell division. The master equations for the mean values of cell numbers N 1 (a) and N 2 (a) at attained age a in the first and second stage are
For constant coefficients the master equations are easily integrated with boundaries at 0 and a to yield
for hazard h rC2C (a) and survival function S rC2C (a). N 2 (a) represents the expectation value of a Poisson-distributed random variable pertaining to the number of cells in the last box of the two stage model in Figure S1 . For a Poisson distribution in general, an expectation value is given by Np where p denotes the small probability of developing a malignant cell from a large number of N precursor cells. In this case we get S = (1 − p) N ≃ exp(−Np) and N 2 (a) = Np.
X 0 = N b µ 0 µ 1 is called the Armitage-Doll parameter. The term 'ArmitageDoll parameter' appeals to the product of transition rates which determine the incidence rate in the model of Armitage and Doll [9] .
Exposure increases the first transition rate
by µ r for a short period ∆t e = 7/365 yr of one week after age at exposure a e . Before and after exposure the first transition rate µ 0 remains constant.
For short exposure one obtains Figure S1 : Two stage model with radiation action; radiation enhances the first transition rate µ 0 → µ 0 + µ r for a short period ∆t e = 7/365 yr of one week.
The Heaviside function Θ(a − a e ) equals one if attained age a exceeds age at exposure a e and zero otherwise. The radiation response
increases linearly with coefficient κ for dose D and is attenuated exponentially with coefficient ǫ for higher doses. The strong dependence on sex s = −1, +1 for males, females is modelled with coefficient σ.
Two stage model with age-dependent second stage
To explain the occurrence of sporadic PTC with a positive CLIP2 marker (sporadic CLIP2-associated carcinogenesis or sC2C) in patients operated above age 20 an additional path has been added to the mechanistic model. For this path the second stage of the two stage model has been modified. The second transition rate is increased with the step function
The step has a slope s µ 1 and is centered around age a µ 1 . For old ages the second transition rate approachesμ 1 .
The hazard function h sC2C (a) has a closed form and the corresponding survival function S sC2C (a) can be derived by numerical integration according to
Three stage model with clonal expansion
The three stage model of Figure S2 starts with a larger number of N s thyrocytes which acquire two hits with transition rates ν 0 and ν 1 until they reach an intermediate stage. In this stage they can expand into clones with net growth rate γ = α − β if symmetric cell division α exceeds cell inactivation β. Transition to the cancerous third stage is accomplished with rate ν 2 . The corresponding master equations for the mean values of cell numbers N 1 (a), N 2 (a) and N 3 (a) are given by
For constant coefficients integration of the master equations yields Figure S2 : Three stage model with clonal expansion; in the second stage clones grow with a net promotion rate γ = α − β if symmetric cell division α exceeds cell inactivation β.
Using the Armitage-Doll parameter
for the sporadic hazard h M SC (a) and survival function S M SC (a) in the MSC path.
Decomposition of hazard and survival function for the preferred mechanistic model
The total hazard function of the preferred mechanistic model is obtained by combining the two stage model with radiation action on the first stage (rC2C), the two stage model with increasing age dependence of the second stage (sC2C) and the three stage model with clonal expansion (MSC). The corresponding functions
are given by the expressions of Eqs. (S5),(S8) and (S11).
Identifiability of model parameters
It is well known that not all biological parameters for this class of mechanistic models can be identified from the incidence data, although at least in principle they should be measurable in experiments [10] . The problem with parameter identifiability is caused by the mathematical model structure and cannot be removed by increasing statistical power. Only combinations of parameters can be identified which depend on the chosen model formulation. In the present analysis the Armitage-Doll parameter R 0 and the clonal expansion rate γ can be estimated for the sporadic path . For the radiationinduced path the three dose response parameters κ, ε and ς are identifiable. The Armitage-Doll parameter X 0 can be estimated in principle but comes out very small. It has been fixed to a value of 3.929 × 10 −11 yr −2 to prevent numerical instabilities and is not counted as adjustable parameter. The three parametersX 0 , s µ 1 and a µ 1 in Eq. (S8) for the sporadic submodel of sC2C have been fixed in the models fits.
Descriptive risk model
A descriptive model for the excess absolute risk (EAR)
has been applied to the epidemiological data to put the results from the mechanistic model into perspective. The dose response depends on sex s similar to the response (S6) of the mechanistic model. ERR models have also been applied but yielded fits of inferior quality if dose effect modifiers were applied in the same way as for EAR models.
Oblast adjustment
Although the mean dose for members exposed in Zhytomir oblast is higher by factors 3-4 compared to oblasts Kyiv and Chernihiv, oblast-specific incidence rates are similar in view of their uncertainties (Table S3 ). This mismatch has been attributed to unmeasured explanatory variables such as iodine deficiency [2] . Both descriptive and mechanistic models have been adjusted for these unexplained variations by a heuristic factor exp(Φ obl86 ) pertaining to the total risk according to h → exp(Φ obl86 ) h for residents of Zhytomir oblast in 1986. Estimates of Φ obl86 for the preferred models are given in Tables S5  and S6 . 
Statistical analysis
Individual likelihood regression
The method of individual likelihood regression directly accounts for the health status of all cohort members. In the likelihood function the individual status are expressed by probabilities of dedicated mathematical forms which are derived below. The method accommodates for differential information on the circumstances of tumor detection in subsequent screening cycles. 13,037 cohort members were free of PTC between begin of follow-up at age a b and end of follow-up at age a e (Table S1 ). 54 PTCs were operated at age a o after detection before or during the 1st screening cycle. These cases are termed 'prevalent' based on the assumption that a tumor appeared at an unknown point in time between a b and a o . 61 PTCs were detected during the 2nd to 4th screening cycle and are termed 'incidental'. They developed between the last examination with negative finding at age a s and age at operation a o . The difference between prevalent and incidental cases is given by the observation that generally ∆a
≃ N cases N coh ∆a at attained age a is defined by the negative derivative of the survival function S taken at a and divided by S(a). The hazard is approximated by the incidence rate given by the number N cases of tumors among N coh cohort members observed in an age interval ∆a at risk. The survival function S(a) denotes the probability for a cohort member to be tumor-free at age a. 
where ∆a inc for incidental cases has been omitted since it does not depend on model parameters [11] . Maximum likelihood estimates for model parameters are taken at the minimum of the deviance D = −2 min ln L. The contributions to the deviance from tumor-free cohort members are negative but close to zero. Numerical values of prevalent cases range between -3.5 and -6.5, for incidental cases the values lie between -7.0 and -8.2. Hence, maximum likelihood estimates are predominantly determined by incidental cases and to a lesser extent by prevalent cases whereas the influence of tumor-free subjects is rather small.
Parameter estimation and uncertainty analysis
The MECAN software package [12] has been used for preprocessing of the individual data, regression, calculation of risk estimates, probabilities for radiation-induced cases and simulation of uncertainty intervals. MECAN includes the C++ library Minuit2 [13] from CERN which is used for the minimization of −2 ln L where L denotes the individual likelihood function of Eq. (S17). In contrast to Poisson regression, stratification into a person year table is not required by individual likelihood regression. The deviance is given by the minimum of −2 ln L which is reached with the maximum likelihood estimates of the model parameters. It is assumed that a parabolic approximation of the region is valid around the minimum. In this case Waldbased standard errors (SE) and a correlation matrix can be computed for the model parameters. Confidence intervals for risk estimates (CI) are calculated by Monte-Carlo simulation based on the Delta method [14] . Results of MECAN have been compared with the EPICURE package [15] and found to be in good agreement. More details on statistical analysis with MECAN are given in refs. [8, 16, 17] .
Utilizing molecular biomarkers for risk assessment
In our epidemiological analysis the conditional probability of finding the CLIP2 marker in a PTC patient is given by
for attained age a in a short interval ∆a. P epi (PTC) = h(a)S(a)∆a denotes the probability of occurrence for a PTC case and P epi (C2C) = h C2C (a)S(a)∆a denotes that same probability for a CLIP2-positive PTC case. The total hazard h = h M SC + h C2C of the preferred mechanistic model (Fig. 1 of the main paper) is decomposed into hazard functions for the MSC and CSC part. The CSC part produces CLIP2-positive PTCs either sporadically or induced by radiation with corresponding hazard functions h C2C = h sC2C +h rC2C . Analytical expressions are given in Eqs. (S5),(S8), (S11) and (S12). P epi (C2C|PTC) has been calculated from hazard functions which were obtained from model fits to the epidemiological UkrAm cohort without making use of the CLIP2 status explicitly. We just assumed that latent information on the CLIP2 status facilitates the identification of model parameters.
1
In molecular biology the probability P mol of finding a CLIP2 marker in a PTC case has been derived from logistic regression on molecular measurements [18] . For young patients (AaO < 20 yr) P mol shows a strong dose response (Fig. 2 of main paper or Fig. 2 of ref. [18] ).
To create a link between molecular biology and radiation epidemiology, P mol is compared with the probability of causation
P C quantifies the contribution of radiation to the occurrence of a tumor from statistical association [19] . It is determined by the Excess Relative Risk ERR = h/h 0 − 1 with h 0 = h M SC + h sC2C as baseline hazard. To establish CLIP2 as a radiation marker, the baseline hazard h 0 must not include CLIP2-positive PTCs in the conceptual model. This is true for AaO < 20 yr where h sC2C ≃ 0 so that P epi (rC2C|PTC) ≃ P epi (C2C|PTC). Good agreement of the dose response curves for P mol and P epi as shown in main Fig. 2 validates the role of CLIP2 as radiation biomarker.
From our present epidemiological analysis it is impossible to determine the precise CLIP2 status of a patient i with the mechanistic model. But a probability
can be assigned individually to estimate the number of CLIP2-positive PTCsN (x) in a given group of N g patients by usinĝ
N g denotes the number of patients in cohorts Genrisk-T, Genrisk-T plus and UkrAm (CTB tumors only) in Table 2 of the main paper or the number of patients in different dose and age groups in Table S7 . Comparison of model estimates forN (C2C) to the measured numbers N C2C in different patient groups is applied for model validation. Table S7 . Analysis of molecular measurements Table S9 : Estimated cluster-specific share of MSC-associated cases and radiation-induced cases from mechanistic model and mean values for age at exposure (AaE), time since exposure (TsE), age at operation (AaO) and thyroid dose in the four clusters of copy number alterations (CNAs) from Selmansberger et al. [20] (their Figure 2) 
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